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We report that depriving human cells of amino acids (AAs) induces specific loss of H4K20me1 from gene bodies and elevated binding of c-MYC at promoters genome-wide. These effects are most pronounced at ribosomal protein and translation initiation genes, which are upregulated, leading to enhanced protein synthetic capacity. Combination of H4K20 methyltransferase depletion and c-MYC over-expression in rich media is required and sufficient to recapitulate the effects of AA restriction. Our data reveal an unexpected and epigenetically implemented increase in translational capacity when AAs are limiting, likely to safeguard the proteome by making effective use of limited resources.
One Sentence Summary: Combination of H4K20me1 demethylation and c-MYC activation
enhance translational capacity in response to amino acid restriction.
Main Text:
Cells respond to environmental challenges such as fluctuating nutrient levels partly through epigenetic mechanisms such as histone modifications and transcriptional regulation to reconfigure their metabolic or physiological states as adaptive measures (1) (2) (3) . Understanding the nature and mechanisms underlying cellular response to nutrient availability can inform on fundamental regulatory processes and how they may be altered in human disease. From among the many nutrients that cells must sense and respond to, amino acids (AAs) are of particular interest because they regulate the mechanistic target of rapamycin complex 1 (mTORC1), a central hub for coordinating cell growth and metabolism (4) . Although considerable progress has been made in recent years about how AAs activate mTORC1 and its downstream effects (5), much less is known about the epigenetic changes that may be required, especially independently of mTOR signaling, for effective adaptive response to limited AA availability.
We analyzed the effects of AA availability on histone modifications and discovered that deprivation of AAs induces genomewide loss of a single histone methylation site-histone H4 lysine 20 monomethylation (H4K20me1). HeLa cells were cultured for 16 hours in complete medium or media lacking DMEM components, which include vitamins, glucose, pyruvate, and amino acids. Removal of all 15 AAs, but none of the other media components, significantly reduced levels of H4K20me1 (Fig. 1A) without affecting the methylation levels of other lysine residues in histone H3 and H4 (Fig. S1A ). The effect on H4K20me1 was not due to the absence of either the essential (EAA) or non-essential amino acids (NEAA) alone (Fig. 1B) . In the absence of AAs, the cells remained viable over the course of the experiment (Fig. S1B ) and recovered H4K20 mono-methylation when AAs were added back (Fig. 1C) . We confirmed the effect of AA deprivation on H4K20me1 in HeLa cells with a different antibody (Fig. S1C ) and observed the same effect in normal human bronchial/tracheal epithelial cells (HBTEC) and primary fetal lung fibroblasts (IMR90) (Fig. S1D ).
As expected, removal of AAs inhibited mTOR activity as measured by its ability to phosphorylate S6K (Fig. S1E) (6) . However, inhibiting mTOR activity with Rapamycin did not reduce the level of H4K20me1 (Fig. 1D) , indicating that H4K20me1 is affected by AA availability in parallel to deactivation of mTOR signaling.
Since AA deprivation decreases protein production (7), we asked whether inhibition of translation in presence of AAs also affects H4K20me1. Indeed, addition of protein translation inhibitor cycloheximide (CHX) to complete DMEM caused a dose-dependent decrease in H4K20me1 levels (Fig. 1E ). This indicates that the level of H4K20me1 is sensitive to productive translation and not AA availability per se.
The H4K20me1 methyltransferase SETD8 (Pr-SET7) level varies during cell cycle progression, with the lowest level in S phase and maximal level in late G2 (8, 9) . We observed that the level of SETD8 decreased in cells cultured in media lacking AA (Fig. 1F) . However, the decrease in SETD8 protein level was independent of cell cycle progression, since the cell cycle profiles of cells cultured with or without AAs for 16 hrs were comparable (Fig. S1F) . Similarly, our treatment regimen with CHX, which resulted in a reduction of H4K20me1, had no appreciable effect on the cell cycle profile (Fig. S1G) . Therefore, AA/translation-dependent change in H4K20me1 levels is associated with SETD8 turnover, and is not an indirect consequence of cell cycle changes.
To map the AA-dependent changes in global level of H4K20me1 to the genome, we performed chromatin immunoprecipitation-sequencing (ChIP-seq) analysis in cells cultured in presence or absence of AAs. H4K20me1 was enriched primarily in the gene bodies of 7589 genes (10), >95% of which exhibited decreased levels of H4K20me1 in the absence of AAs (Figs. 2A-2B ). Consistent with the Western blot results (Fig. S1A) , genome-wide distribution of H3K36me3, which is also enriched in the gene body, did not change substantially (Figs. S2A-S2B), confirming that AA restriction preferentially affects H4K20me1. The decrease in H4K20me1 did not appear to be due to increasing di-or tri-methylation of the same residue as the global levels of H4K20me2 and me3 were unaffected in the absence of AAs (Fig. S1A) , and more importantly, H4K20me3 genome-wide enrichment pattern is physically distinct from H4K20me1 (Fig. S2C) .
The most significantly enriched gene ontology (GO) terms for H4K20me1-associated genes include those involved in protein homeostasis (Fig. 2C ). To correlate changes in H4K20me1 to gene expression, we performed mRNA-seq with a spike-in control in the same conditions as in ChIP-seq experiments. Compared to complete media, of all H4K20me1-associated genes, 966 and 744 were up-and down-regulated greater than 1.5-fold, respectively, in media lacking AAs (Fig. 2D, left panel) . The genes within the upregulated group had the greatest loss of H4K20me1 ( Fig. S2E ) and were significantly enriched for genes involved in translation-related processes (Fig. 2D , right panel, orange bars). In contrast, the downregulated genes were only marginally enriched in specific GO terms (Fig. 2D , right panel, green bars). A closer analysis of the top GO terms among the upregulated genes (Fig. 2D ) revealed a common set of genes encoding large and small ribosomal proteins (RPs), and translation initiation factors.
A second biological replicate of mRNA-seq experiment, without a spike-in control, showed essentially identical functional enrichment of up-and down-regulated genes (Fig. S2D ).
To determine whether differentially expressed genes were regulated at the level of transcription, we mapped the levels of total RNA polymerase II (Pol II) and elongating phosphoSer2 Pol II (Ser2P), as well as RNA-seq of the chromatin fraction (chromRNA-seq). The upregulated genes based on mRNA-seq had higher Pol II enrichment in both the promoter proximal region and gene body in the condition lacking AAs (Figs. 2E-2F , left panels). In contrast, there were no marked differences in Pol II occupancy between the two conditions among the downregulated genes (Figs. 2E-2F, right panels). Consistent with Pol II occupancy and mRNAseq, chromRNA-seq showed increased nascent RNA associated with the upregulated but not with the downregulated genes (Figs. S2F-S2G ). These data indicate that genes with increased mRNA levels because of AA deficiency are upregulated transcriptionally. The transcriptional response to AA restriction is not unique to HeLa cells as HBTEC and IMR90 cells also upregulated translationrelated genes (Fig. S2H) . In fact, the upregulated genes common to all three cell lines were highly significantly enriched with translational initiation and rRNA processing factors as well as RP genes (Fig. 2G ).
We noticed that the promoter proximal sequences of upregulated translation-related genes contain the binding motif for transcription activator c-MYC and its binding partner MAX ( (Fig. 4E) . Interestingly, the c-MYC inhibitor was more effective at inhibiting protein synthesis when cells were cultured in the presence of AAs than in their absence (Fig. 4E) . This is consistent with increased expression and binding of c-MYC under AA deprivation condition (Fig. 3) , which may render the inhibitor drug less effective at inactivating c-MYC. However, just as overexpression of c-MYC alone was insufficient to fully induce the expression of translation-related genes (Fig. 4C) , it also did not increase protein synthetic capacity in rich media (Fig. 4F) . We therefore conclude that c-MYC and H4K20me1 coordinately regulate the expression of a subset of translation-related genes, modulating translational capacity in response to availability of AAs or productive translation.
The function of c-MYC in transcriptional regulation of ribosome biogenesis has been well characterized (13) . Our data has now uncovered the importance of H4K20me1 for the ability of c-MYC to further enhance translational capacity in response to AA deprivation. H4K20me1 has been implicated in both gene activation and repression (10) 
Media Preparation
Custom media were prepared where applicable as indicated in the figures and results.
Media containing complete amino acids (AA) were made from DMEM powder (US Biological #D9802) and supplemented with an additional 3.5 g/L D-glucose (for a total of 4.5 g/L), 1 mM sodium pyruvate (Gibco #11360070), 3.7 g/L sodium bicarbonate, and 0.0159 g/L sodium phenol red (US Biological #P4040). Media without AA were made from DMEM without amino acids powder (US Biological #D9800-013) and supplemented with an additional 3.5 g/L D-glucose, 1 mM sodium pyruvate (Gibco #11360070), and 3.7 g/L sodium bicarbonate. pH of media was adjusted to 7.2 by the addition of HCl before being filter sterilized and supplemented with 10% dialyzed FBS (Gibco #26400-044). These +AA and -AA media were used for all experiments comparing the two conditions. dialyzed FBS (Gibco #26400-044). Media were conditioned at 37°C and 5% CO2 for 6 hrs to overnight before adding to cells.
Acid Extraction of Histones and Whole Cell Extracts
Acid extracted histones were prepared as described previously (16) . Briefly, nuclei were collected by lysing 70-80% confluent cells in a 10-cm plate with a hypotonic buffer (10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 340 mM sucrose, 10% glycerol, 1 mM DTT, protease inhibitors) and then acid-extracted with H2SO4. The proteins were collected with trichloroacetic acid (TCA) precipitation and dissolved in 100 μL water for concentration measurement. For whole cell extracts (WCE), cells were pelleted after PBS washing and resuspended in Laemmli buffer (2% SDS, 10% glycerol, 60 mM Tris-HCl pH 6.8). The extract was boiled for 10 min and sheared by passing through a 0.7 mm needle (BD #305156) 10 times.
Subcellular Fractionation
Chromatin fraction was isolated as described previously (17) . Briefly, nuclei were collected the same way as for acid histone extraction as described above and resuspended in lysis buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, protease inhibitors). The nuclear extract was pelleted and resuspended in SDS sample buffer for WB analysis.
Coomassie Gel and Western Blotting (WB) Analyses
Analysis and quantification of protein gels and WB were performed using the Odyssey Infrared Imaging System (LI-COR Biosciences). Histone protein concentration was initially quantified with the BCA assay (Thermo Scientific #23225) and then normalized between samples by quantifying the four histone bands on gels stained with SimplyBlue (Invitrogen #LC6060, referred as coomassie in figures). After normalizing the concentration, 1 μg of protein was loaded in duplicate gels for WB and a second gel for SimplyBlue staining to ensure equal loading. This step-equal loading of histone based on coomassie staining-is critical for accurate determination of histone modification levels. For WCE and chromatin fraction, samples were initially loaded in equal volumes on a gel stained with SimplyBlue to approximate relative amounts loaded. The loading volume was normalized between samples by quantifying the four histone bands and a region corresponding to the sizes of the proteins to be analyzed in subsequent WB.
WBs were performed on acid-extracted histones for histone modifications, on WCE for SETD8, and on chromatin fraction for c-MYC. WBs were performed with 15% polyacrylamide gels for histone modifications and with 10% gels for non-histone proteins. The gels were transferred onto Immobilon-FL PVDF membrane (Millipore #IPFL00010). Primary and secondary antibodies and dilutions used are listed in Table S1 .
mTOR Inhibition with Rapamycin
The 5 mM Rapamycin (Calbiochem #553211) stock provided by vendor was diluted to a 6 μM working solution with DMSO and added to DMEM at final concentration of 6 or 30 nM.
Control media were prepared by diluting DMSO into media in the same amount used in the treatment. Cells were treated in Rapamycin or DMSO containing media for 8 hrs.
Protein Synthesis Inhibition with Cycloheximide
A stock solution of cycloheximide (Sigma #C4859) was diluted to a 1.6 mg/mL working solution with DMSO and added to DMEM at final concentrations ranging from 0.4 to 6.4 μg/mL.
Control media were prepared by diluting DMSO into media in the same amount as in the highest amount of treatment. Cells were treated in cycloheximide or DMSO containing media for 16 hrs.
Flowcytometry Analysis
Cells were washed with cold PBS immediately following treatment and dissociated into single cells with trypsin. 1x10 6 cells were fixed in ethanol and stained with propidium iodide (Invitrogen #P3566) for flow cytometry analysis using the FACSCalibur system (BD Biosciences).
DNA content and cell cycle profile were analyzed with the ModFit LT software (Verity Software House).
Cell viability
Cells were dissociated and stained with Trypan Blue solution (Biorad, #145-0021). Cell viability was assessed using the TC10™ automated cell counter (Biorad, #145-0010).
c-MYC Inhibition with 10058F4
c-MYC inhibitor 10058F4 was dissolved in DMSO to make a 25 mM stock solution and diluted into +AA or -AA media at a final concentration of 50 or 100 μM. Control media were prepared by diluting DMSO into media at a concentration of 4 μL of DMSO per mL of medium.
Cells were cultured for 8 hrs in drug free media followed by 8 additional hrs in media containing the inhibitor or DMSO.
Chromatin Immunoprecipitation (ChIP)
H4K20me1 and H3K36me3 ChIP were performed as described previously (18) . Immediately, lysates were sonicated using a Misonix sonicator. Sheared lysates were diluted with dilution buffer (16.7 mM Tris-HCl pH 8, 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 167 mM NaCl) and pre-cleared with Protein G beads (ThermoFisher #10003D) for 2 hrs before immunoprecipitation (IP). 5% of pre-cleared lysate was saved as input. 100 μL (approximately 5x10 6 cells) of the lysate was incubated overnight with a given antibody ( Table 1) . Chromatinantibody complexes were captured with Protein G beads for 2 hrs. Beads were washed twice each with low salt wash buffer A (140 mM NaCl, 50 mM HEPES pH 7.9, 0.1% SDS, 1% Triton X-100, 0.1% Na-deoxycholate), high salt buffer B (500 mM NaCl, 50 mM HEPES pH 7.9, 0.1% SDS, 1% Triton X-100, 0.1% Na-deoxycholate), LiCl buffer (20 mM Tris-HCl pH 8, 250 mM LiCl, 1 mM EDTA, 0.5% Na-deoxycholate, 0.5% NP-40), and with 1x TE. Protein-DNA complexes were eluted from beads at 65°C once each with 100 μL elution buffer (50 mM Tris-HCl pH 8, 1 mM EDTA) and with 150 μL TE containing 0.67% SDS. Eluates were incubated overnight at 65°C to reverse the cross-links and treated with RNase A and Proteinase K. DNA was subsequently extracted using phenol:chloroform:isoamyl alcohol (Invitrogen #15593031).
RNA Pol II and c-MYC ChIP experiments were performed using the same procedure as histone methylation ChIP with the following modifications. Lysates for c-MYC ChIP were sonicated with Bioruptor, and 2x10 7 cells were used for each IP. Cells for RNA Pol II ChIP were resuspended and sonicated in buffers described in (19) . Briefly, 6x10 6 cross-linked cells were resuspended, incubated for 10 min, and then pelleted once each in 600 μL of lysis buffer 1 (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, protease inhibitors) at 4°C and in 600 μL of lysis buffer 2 (10 mM Tris-HCl pH 8, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, protease inhibitors) at room temperature. Cells were then sonicated in 200 μL of lysis buffer 3 (10 mM Tris-HCl pH 8, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine, protease inhibitors).
ChIP Sequencing Library Preparation
DNA obtained from ChIP experiments was quantified using Qubit assays (Invitrogen #Q32854). 2 ng DNA from each ChIP and corresponding input samples were used to prepare libraries using the NuGEN Ovation Ultralow Library System (NuGEN Technologies #0331) or the KAPA LTP kit (KAPA Biosystems #8230) and sequenced with Illumina Hi-seq platforms to obtain 50 bp-long reads.
ChIP-seq Data Analysis
Reads were aligned to the Human genome (hg19) using Bowtie (20) with parameters that allow up to 2-bp mismatch (-v2) and ensure only unique aligning reads were collected (-m1). For all aligned data files, duplicated reads were removed using Samtools (21) . To estimate ChIP enrichment, IP and corresponding input files were randomly sub-sampled to equalize the number of reads. ChIP enrichment was determined using an algorithm described previously (18) . Briefly, the software allows user to define a window size to tile the genome and a Poisson distribution pvalue cutoff to call a window significant. For all experiments reported in this study, the genome was tiled into 50-bp windows. Significant peaks are defined as those windows with Posisson p< 10 -3 and the same p value cutoff is met in the two neighboring windows.
Calculation of ChIP Enrichment over Specific Genomic Features
The enrichment profiles for significant peaks near TSS or across entire genes were generated using Cis-regulatory Elements Annotation System (CEAS) (22) . H4K20me1 associated genes ( Figs. 2A-2B ) are those with significant H4K20me1 enrichment within the region -1 to +5 kb around the transcription start site (TSS). The enrichments profiles were then used to graph average profiles around TSS and Metagene or to generate heat maps.
mRNA-seq and chromatin RNA-seq Library Preparation
For mRNA-seq, total RNA was extracted using the Trizol reagents (Ambion #15596026) and treated with TURBO DNase (Ambion #AM2239). 1 μg of total RNA was used to prepare sequencing library using the Illumina TruSeq RNA sample preparation kit. A mixture of external RNA spike-in controls (Ambion #4456740) was added to total RNA prior to library preparation (23) . Libraries were sequenced with Illumina Hi-seq platforms to obtain 50 bp-long reads. No spike-in control was added to experiment 2 ( Fig. S2D) , and 100 bp-long reads were obtained from those two libraries.
For chromatin RNA-seq, subcellular fractionation and sequencing libraries were prepared as described previously (24) . Libraries were sequenced with Illumina Hi-seq platforms to obtain 50 bp-long reads.
RNA-seq Data Analysis
Reads were mapped to the Human genome (hg19) and to spike-in reference sequences using default parameters of TopHat (25) . SAMMate software (26) was used to determine the transcript RPKM (reads per kilobase of exon per million of reads) for mRNA-seq libraries. The sums of RPKM values from the spike-in controls were used to normalize across samples and to adjust transcripts RPKM.
Gene ontology analysis
Gene ontology analysis was performed by uploading Genebank accession numbers for gene lists of interest to DAVID Bioinformatics Resources 6.8 (27, 28) . Significant GO terms were defined as those terms with a minimal of 10 genes and with a Bonferroni corrected p value< 0.01.
Motif enrichment analysis
Enriched motifs were identified using the HOMER software (29). The perl script findMotifs.pl was used to find motifs enriched within the region -500 to +750 bp from the TSS of a list of genes.
siRNA and c-MYC plasmid transfection SETD8 (NM_020382) knockdown was performed using a predesigned Dicer-substrate 
